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Ab s t rac  t A 
Two t h i n  helium-filled para l le l -p la te  ionizat ion chambers were de- 

signed f o r  use i n  continuously monitoring the  I ~ O - M ~ V  proton beam of the  

Harvard University Synchrocyclotron over an in t ens i ty  range from lo5 t o  

10" protons/sec. The data were required f o r  support of various measure- 

ments of energy spectra of neutrons, protons, and gamma rays resu l t ing  from 

the  in te rac t ion  of high-energy protons with various t a r g e t s  representative 

of t yp ica l  space vehicle shielding materials. 

The ionizat ion cham-bers were calibrated by two independerii me Eiods. 

I n  four  ca l ibra t ions  the charge collected i n  the  ionizat ion chambers was 

compared with t h a t  deposited i n  a Faraday cup which followed the ioniza-  

t i o n  chambers i n  the  proton beam. In a second method, a ca l ibra t ion  was 

made by individual ly  counting beam protons with a p a i r  of t h i n  s c i n t i l l a -  

t i o n  detectors.  The ionizat ion chamber response w a s  found t o  be f l a t  

within 2% f o r  a five-decade range of beam intensi ty .  

Comparison of the Faraday-cup ca l ibra t ions  with t h a t  from proton 

counting shows agreement t o  within 576, which i s  considered sa t i s f ac to ry  

f o r  t h e  purposes t o  which the data  will be put. The experimental r e su l t s  

were a l s o  i n  agreement, within estimated errors ,  with the  ionizat ion chamber 

response calculated using an accepted value of the average energy l o s s  per  

ion p a i r  f o r  heliun. 

cribed t o  a gradual contamination of t he  helium of t h e  chambers by a i r  

leakage . 
A slow s h i f t  in  the  ca l ibra t ions  with t i m e  i s  as- 

An appendix describes the  ca l ibra t ion  of standard current  sources 

used f o r  accurate ca l ibra t ion  of the current-measuring instruments. 
&flWL- 
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I. Introduction 

In  October of 1962 measurements of the  energy spectra  of the neu- 

t rons,  protons, and gamma rays resul t ing from the  in te rac t ions  of 

160-MeV protons with various ta rge ts  were car r ied  out by ORNL Neutron 

Physics Division personnel a t  the Harvard University Synchrocyclotron. 

The work was p a r t  of a continuing e f fo r t  t o  provide experimental data 

against  which calculat ions of spacecraft shielding may be compared. These 

experiments required t h a t  the in tens i ty  of the proton beam be continuously 

measured over a range of 105 t o  l o lo  protons/sec 

energy of the  beam s t r ik ing  the target  would not be grea t ly  degraded. 

paper discusses the choice of a monitor, i t s  design, and the  r e s u l t s  of 

ca l ibra t ions  by two independent methods. 

1 

by a method such t h a t  the  

This 

11. Selection of the Monitoring -- System 

The o p t b u n  device f o r  measurement of cyclotron proton beam in t ens i ty  
2 

i s  generally accepted t o  be the  Faraday cup, a heavy meta l l ic  block which 

measures the in t ens i ty  as a function of the  charge t ransfer red  by the  beam 

protons. Since the  nature of t he  experiments required continuous monitor- 

ing , th i s  device could not be used. The t a rge t s  were of su f f i c i en t  thickness 

(1.2 times the proton range) t o  a c t  as complete absorbers, so t h a t  a Faraday 

cup could not be used following the target ,  and since the c q  i s  a l s o  a 

t o t a l  absorl~er,  it obviously could n o t  precede the  t a rge t  i n  the  beam. 

The c r i t e r i a  of continuous monitoring, l i n e a r  response over a wide 

range of beam in t ens i t i e s ,  and minimum at tenuat ion of the  beam i n  energy 

and in t ens i ty  eliminated from consideration such possible monitors as f o i l s ,  

s c i n t i l l a t i o n  detectors,  and counter telescopes. Within the  c r i t e r i a  noted 

above, the  most obvious choice f o r  the beam monitor was an ionizat ion 

chamber. Although some other low-attenuating devices, such as beam induc- 

t i o n  electrodes and secondary emission monitors,were not considered i n  

making t h i s  choice there i s  prese i t l y  no reason t o  bel ieve t h a t  they would 

have performed more s a t i s f a c t o r i l y  than did the  ionizat ion chambers. 

2. D. M. Ritson, Chap. X I ,  Vol. 5 of Techniques - of High-Energy Physics, 
Interscience,  New York, 1961. 
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111. Design - of Ionizat ion Chambers 

A primary requirement i n  the use of ionizat ion chambers f o r  proton 

beam monitoring was t h a t  the chamber response be f l a t  over the  range from 

105 t o  lolo protons/sec. 

d i f f e ren t  types of chambers were tes ted.  

two were paral le l -plate  chambersY4 one f i l l e d  with nitrogen and the o ther  

with he l im .  A comparison of t he  responses of the  three  i s  shown i n  Fig. 1. 

The a i r - f i l l e d  and ni t rogen-f i l led chambers a re  c l ea r ly  unsatisfactory,  

while the  helium-fil led chamber appears t o  be near ly  optimum except f o r  

i t s  comparatively low eff ic iency.  It w a s  therefore  decided t o  adopt the 

basic  design o f  the helium-fil led chamber, making changes t o  improve col lec-  

t i on  efficiency by reducing the r a t e  of  recombination and t o  b e t t e r  know 

t h e  gas pressure and electrode spacing. 

I n  preliminary experiments the responses of th ree  

One w a s  a f r e e - a i r  chamber,3 and 

5 Two helium-f i l l e d  para l le l -p la te  ionizat ion chambers were b u i l t  ac - 
cording t o  the  design shown i n  Fig. 2. The chambers d i f f e r  from those of 

Koehler i n  t h e i r  sens i t ive  volume, which was increased from 115.8 cm3 t o  

205.9 cm3 by increasing the electrode diameter from 7.62 cm t o  10.16 em, 

and i n  the f a c t  t h a t  they have f i v e  electrodes ra ther  than the three of 

the or iginal  design. The overa l l  space occupied by the  electrodes remains 

a t  2.54 cm. 

o f  two. 

These changes increased the  surface-to-volume r a t i o  by a f ac to r  

The electrodes consis t  of aluminized mylar having a nominal areal 

dens,ity of 1 mg/cm2. 

material i n  the  beam i s  32.6 mg/c8, which corresponds t o  an energy l o s s  

of 135 keV f o r  160-MeV protons. 

ing connectors having leakage resis tances  grea te r  than 1014 il and by 

using a guard r ing  around t h e  co l lec tor  connector. 

The windows are  2-mil-thick aluminum f o i l .  Total  

Current leakage w a s  minimized by se l ec t -  

The ionizat ion chambers were f i l l e d  with helium t o  a pressure of 

73- ern Hg a t  23OC. 

3. Designed and b u i l t  by W. A. Gibson, Neutron Physics Division, OWL. 

4. 

The gas w a s  flowed d i r e c t l y  from a commercially bo t t l ed  

Designed and b u i l t  by Dr .  A. M. Koehler of the Harvard University staff, 
who loaned them, along with a Faraday cup, f o r  these preliminary t e s t s .  

5. B u i l t  by R. K. Abele, I n s t m e n t a t i o n  and Controls Division. Construc- 
t i o n  d e t a i l s  a re  given i n  Drawing &-2540. 
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supply, with no regard f o r  the possible f r ac t ion  of contaminants. 

assumed t h a t  the  helium w a s  a t  least 98% pure. 

It w a s  

By making the  ( r a the r  broad) assumption t h a t  the mobili ty of the 

ions, t h e  ionizat ion intensi ty ,  the voltage between the  plates ,  the collec- 

t i on  efficiency, and the gas pressure a re  the  same f o r  both the  Koehler 

chamber and the present version, the recombination, t o  a f i rs t  approxima- 

tion, i s  given by R = Ad4, where A i s  a constant which includes the  e f f ec t s  

noted above and d i s  the p l a t e  separation i n  em. This follows from the  

equation given by Boag, i n  which R i s  shown t o  vary as d5. 

the number of electrodes from three t o  f ive  theore t ica l ly  reduces the t o t a l  

recombination by a fac tor  of 16. 

6 
Thus changing 

Typical saturat ion curves for  the  redesigned chambers are shown i n  
Fig. T o  rm _ _ _ _  3 - L -  -7.  -.. L1. - . . -L2  ~ ~ l c b t :  ualra m w w  w e  r - a u u  wi Kie cur.rerit coiiected by t'ne ioniza- 

t i o n  chambers t o  tha t  col lected by a Faraday cup, as a function of voltage 

and f o r  a constant beam in t ens i ty  of 1.84 x l o l o  protons/sec, which was 

within the  region of maximum beam in tens i ty  t o  be used f o r  the spec t ra l  

measurements. 

be 300 V f o r  a l l  experiments. 

From these data  the chamber operating voltage was chosen t o  

The response of the ion chambers t o  160-MeV protons, i n  ion pa i rs /  

proton, can be computed from 

ip/proton = (dE/s]1s W-l dtp , 

where 

dE/dx = (5.15 - + 0.26) x lo6 eV*cg.g-'.proton-l [def. 7 , 
W = the  mean energy expended i n  the  production of an ion p a i r  

i n  helium (eV/ip), 

d = overa l l  space occupied by electrodes,  2.54 cm, t 
p = helium density, 0.178 x g/cm3. 

6. J. W. Boag, p 165 i n  Radiation Dosimet 
Brownell), Academic, New York, + 195 

(ea.  by G.  J. Hine and G. L. 

7. K. B. Mather and P. Swan, Nuclear Scattering, Cambridge University 
Press, London, 1946, p 83. 
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The calculated value f o r  

ion p a i r s  per normally incident 

uncertainty i n  the value of W. 

the  response of the chambers i s  80.4 + 2.8 

proton. The e r ro r  (3.4%) stems f r o m  an 

Wilkinson' gives a value of 30 eV/ip, 

- 

9 while Palevsky 

average of the two quoted. 

gives a value of 28 eV/ip. The value used was 29, the  

IV. Faraday - Cup Design 

Although the response of an ionization chamber may be calculated,  

as demonstrated above, i n  prac t ice  it i s  more desirable  t o  ca l ibra te  the 

chambers against  the  response of an absolute monitor. In  the  present work 

two independent ca l ibra t ions  were made, the f i r s t  with a Faraday cup 

espec ia l ly  constructed f o r  t h i s  purpose and the  second by individual-proton 

counting techniques. 

The design of the Faraday cup, shown i n  Fig. 4, w a s  based on 
10 procedures suggested by Brown and Tautfest  and comments by Chamberlain 

e t  al. 
11 

on the  use of a Faraday cup f o r  ca l ibra t ing  ionizat ion chambers. 

The cup consis ts  of a 6-in.-diam, 8-in.-long copper cylinder having 

-- 

a b-in.-diam, 6-in.-long re-entrant opening in to  which the  proton beam i s  

directed. 

i s  su f f i c i en t  t o  completely stop the incident  160-MeV proton beam. 

cup i s  mounted i n  a brass  housing on Teflon rings,  which serve t o  i s o l a t e  

it e l ec t r i ca l ly .  

The base of the cup i s  nominally 45.2 g / c 8  i n  thickness, which 

The 

The accuracy of a Faraday cup i s  dependent on the number of charged 

p a r t i c l e s  which sca t t e r  i n t o  o r  out o f  t.he cup. 

diminished by making the cup re-entrant, thus reducing the  so l id  angle a t  

t h e  base of the  cup subtended by i t s  mouth. This angle i s  given by 

Backscattering losses  were 

8. D. H. Wilkinson, Ionization Chambers - and Counters, Cambridge University 
Press, London, 1950, p '20. 

9. H. H. Palevsky, Mineapolis-Honeywell Regulator - Co. Technical Bul le t in  
NO. NER-1 (1954). - -  

10. K. L. Brown and G. W. Tautfest ,  Rev. Sei. Instr. 27(9), 696 (1956). --- 
11. 0. Chamberlain, E. Segre, and C. Weigand, Phys. Rev. 83, 923 (1951). 
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& = $ [l - cos (tan-' $) ] = 0.02566 

where d i s  the  radius of the mouth and k i s  the  depth of t he  mouth opening. 

I n  order t o  evaluate the accuracy of the  cup, t h e  f r ac t ion  of charge l o s t  

due t o  escaping radiat ion and the  e f fec t  of e lectrons enter ing the cup was 

estimated as de ta i led  below. 

Delta-Ray Escapes 

Delta rays (e lectrons)  a re  created by co l l i s ions  of incident  protons 

with atomic electrons of the cup. 

proton-electron co l l i s ions  as  

Symons12 gives the  cross section f o r  

where 

ro = c l a s s i c a l  radius of  the  electron, 

m, = r e s t  energy of the  electron, 

B = v/c, for t he  proton before col l is ion,  

E '  = energy l o s t  by the  proton i n  the  co l l i s ion ,  

E = k ine t i c  energy o f  the proton before co l l i s ion ,  

mp = r e s t  energy of the  proton, 

E; = maximum E '  allowed by conservation l a w s .  

For the  160-MeV protons, the maximum energy a t ta ined  by the  secondary 

electron, EL, i s  given by 

EL = 4(me/m P ) E = 340 keV. (4) 

The range of 340-keV electrons i n  copper i s  156 mg/c&, or 0.0175 
If it i s  assumed t h a t  the  average typ ica l  react ion occurs midway of em. 

t h e  l56-mg/cm2 thickness, then only those electrons backscattered with 

energies of 220 keV or greater  can escape. 

12. K. R. Symons, Fluctuations i n  Energy Lost bjHigh-Energy Charged 
P a r t i c l e s  i n  Passing Throw-hatter, Thesis, Harvard University 

- 
(Igrcs>.- 
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Integrating Eq. 3 from 220 keV t o  340 keV [with the second term i n  

the  square brackets neglected since the value of ( E ' / E  + %)2 i s  very much 

l e s s  than unity when % = 938 MeV, E = 160 MeV, and E '  = 340 kev] gives 

u = 3.76 x 
occur i n  the 156-mg/cm2 thickness, i s  given by F = Neu, where Ne i s  the  

number of electrons per  c$, and from t h i s  i t  appears t h a t  16% of the  

protons in te rac t  t o  create  "escapable" electrons.  

copper slab equals 4.31 x le2 electrons/c$.) 

overweighted by assuming t h a t  a l l  of the  electrons a re  sca t te red  i so t rop i -  

c a l l y  i n  41t geometry, then from Eq. 2 the f r ac t ion  of charged-particle l o s s  

i s  0.004. 

c18. F, the number of electron-producing co l l i s ions  t h a t  

(Ne f o r  the 156-mg/c* 

I f  the  backscattering i s  

Other de l t a  rays a re  produced by protons in t e rac t ing  with the  5 - m i l -  
th ick aluminum window. These electrons may be sca t te red  out of the window 

and i n t o  the cup. With the assumption t h a t  a l l  reactions occur a t  the  mid- 

plane of the f o i l ,  the  ''escapable'' e lectrons a re  those with energies 

between 90 and 340 keV. 13 From the equation given by Rossi, 

r 1 

it i s  evident t h a t  the  k ine t ic  energy of  t h e  secondary electron decreases 

with increasing angle of sca t te r .  

components within the  brass  housing, the cup i s  a f fec ted  by only a port ion 

o f  the scat tered electrons,  i.e., those sca t te red  within the  angle 8 shown 

i n  Fig. 4 (cos0 = 0.96). From Eq. 5, t he  energies of these electrons,  as- 

suming tha t  they are emitted i n  straight paths, range from 315 t o  340 keV. 

By integrat ing Eq. 3 between these l i m i t s ,  we determine u t o  be 0.179 x lom2* 
c s .  For the 5-mil-thick aluminum f o i l  the  value of Ne i s  1.02 x le2 

e lec t rons / c s ,  and from the r e l a t ion  F = N u the  f rac t ion  of protons which 

i n t e r a c t  t o  form electrons which can enter  t he  cup i s  0.0018. The elec-  

t rons scattered a t  angles greater  than cos-' 0.96 a re  assumed t o  have no 

ef fec t  q o n  the cup. 

Because of the arrangement of the  

e 

13. B. Ross i ,  High-Energy Par t ic les ,  Prentice-Hall, New York, 1952. 
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Compton Electron Production i n  the C u p  

Protons s t r ik ing  the cup may also give r i s e  t o  gamma rays which i n  

turn  produce electrons through Compton reactions. 

predominantly forwardly scat tered and the  r e su l t an t  e lectrons similarly 

scattered, then, depending upon the electron energies and point  of origin,  

a f r ac t ion  can escape through the base of t he  cup. If it i s  assumed t h a t  

each proton in t e rac t s  t o  form a 3-MeV gamma ray which i n  tu rn  produces a 

2-MeV electron, the electrons which escape a re  those born i n  the  last 

1.7 rmn of copper, and t h e i r  number i s  given by 

If the  gamma rays are 

0 

where 

P = probabi l i ty  that  an electron born i n  t h i s  region escapes e 

p = 0.311 cm . 
(assumed t o  be 1/2), 

-1 

The f i r s t  term gives the in tens i ty  of the gamm ray a t  a point  4.90 
cm from the base of the cup and i s  equal t o  0.22. 

the r a t e  of b i r t h  of the  electrons i n  the  l as t  1.7 m of  copper. The 

value of t h i s  i n t e g r a l  i s  0.05. The f r ac t ion  of e lectrons which escape i s  

therefore  0.005. 

The i n t e g r a l  term defines 

If it i s  assumed that the  gamma rays are created a t  a depth of 1.27 
cm i n  the base of t he  cup, ra ther  than a t  the base as assmed above, and 

i f  the  angular d i s t r ibu t ion  of the gamma rays i s  isotropic ,  then the f r ac -  

t i on  of e lectrons which escape i s  reduced. However, those electrons which 

escape through the sides of the cup must a l so  be considered. Considering 

a l l  p o s s i b i l i t i e s ,  the f r ac t ion  of electrons escaping from the  cup i n  a l l  

d i rec t ions  i s  l e s s  than 0.01. 

Ter t ia ry  Electron Production 

I n  the previous paragraphs it w a s  shown tha t  there  i s  a nominal 

0.18% e r r o r  associated with the  measurement of the proton current due t o  

r e l a t i v i s t i c  electrons emitted from the entrance f o i l .  The measurement of 
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the  current i s  fur ther  influenced by the t e r t i a r y  electrons,  the low-energy 

electrons resu l t ing  from electron-electron co l l i s ions  i n  the  copper cup 

and aluminum f o i l .  

t e red  from the  cup,a guard cylinder, 

while a grid a t  the  r ea r  of the aluminum f o i l ,  a l s o  shown i n  Fig. 4, w a s  

used t o  minimize the f rac t ion  of t e r t i a r y  electrons sca t te red  from t he  f o i l  

t o  the  cup. 

To suppress the l o s s  of t e r t i a r y  electrons backscat- 
14 shown i n  Fig. 4, w a s  ins ta l led ,  

Figure 5 shows the  var ia t ion  i n  the r a t i o  of the  ionizat ion chamber 

current  t o  the Faraday cup current  as a function of the  po ten t i a l  applied 

to the  guard cylinder and g r id  of the cup. Over a change of 200 v o l t s  on 

the  guard cylinder (zero v o l t s  on the gr id)  the  r a t i o  var ies  about 8%. For 

the  same voltage change on the  gr id  (zero v o l t s  on the  guard cylinder) there  

i s  no measurable change i n  the r a t i o .  These observations suggest the f o l -  

lowing explanation. 

The secondary electrons produced i n  the copper by proton in te rac-  

t ions  generate low-energy t e r t i a r y  electrons which escape i n t o  the re-entrant  

port ion of the  cup. With a pos i t ive  po ten t i a l  upon the guard cylinder, 

these electrons a re  drawn out of the cup, thus increasing the apparent 

pos i t ive  charge upon the  cup above t h a t  due t o  the  incident  protons alone. 

Since the ionizat ion chamber current  remains e f f ec t ive ly  constant, the  r a t i o  

of the ionization chamber current  t o  the  Faraday cup current  becomes 

smaller. With a negative voltage on the guard cylinder,  however, the  

t e r t i a r y  electrons a re  turned back i n t o  the  cup, the current  measured i s  

t h a t  due t o  the protons only, and the  r a t i o  of ion chamber current  t o  

Faraday cup current becomes larger .  With a negative voltage upon the guard 

cylinder, a point i s  reached a t  which the  r a t i o  becomes constant, ind ica t -  

ing t h a t  no measurable f r ac t ion  of t e r t i a r y  electrons i s  escaping. With 

a posi t ive voltage on the  cylinder the  r a t i o  continues t o  decrease a s  the 

poten t ia l  i s  increased. 

Schultz and Pomerantz,15 studying secondary electron emission from 

a f o i l  under bombardment by r e l a t i v i s t i c  electrons,  obtained r e su l t s  

14. 
1.5. 

B. Cork, L. Johnson, and C. Rickman, Phys. E. 79(1), 71 (1950). 
A. A. Schultz and M. A. Pomerantz, Phys. Rev. 130, 2135 (1963). 
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s i m i l a r  t o  those of Fig. 5 when they measured the  r a t i o  of the current from 

t h e i r  f o i l  t o  t h a t  from a Faraday c q .  

low-energy electrons can be as high as lo$, depending upon the energy of 

the  primary electron and the angle a t  which it s t r i k e s  the  f o i l .  It i s  

not unreasonable, therefore, t o  assume t h a t  f o r  i so t ropic  production of  

t e r t i a r y  electrons i n  the copper CLIP, such electrons could cause the 8% 
var ia t ion  shown i n  Fig. 5. 

They reported t h a t  the y ie ld  of 

For the performance of the  ionization chamber calculat ions it w a s  as- 

sumed t h a t  a negative po ten t i a l  on the guard cylinder su i tab ly  prevented 

the escape of t e r t i a r y  electrons from the cup. This assumption w a s  re-  

inforced by the  observation t h a t  with a negative po ten t i a l  on the cylinder 

the value f o r  the  ca l ibra t ion  of the ionizat ion chamber more nearly ap- 

proached the  calculated value. It was a l so  assumed t h a t  low-energy 

electrons from the entrance f o i l  had negl igible  e f f e c t  upon the ca l ibra t ions .  

Since t h e  results shown i n  Fig. 5 indicated t h a t  with negative poten t ia l s  

greater  than -300 V the ca l ibra t ion  w a s  constant, the  guard cylinder w a s  

operated a t  t h i s  potent ia l .  

Ion Formation i n  the CUE - 
To prevent ion formation i n  the residual  gas surrounding the  col lec-  

t i on  cup, the  housing was evacuated with a diffusion pump connected t o  the 

vacuum por t  shown i n  Fig. 4. 
gauge mounted a t  the i n l e t  t o  the pmp t o  be - mm Hg. After  correct ion 

f o r  t he  length of the  hose and the  port  diameter the nominal vacuum within 

t h e  housing was 

of the res idua l  gas w a s  of the order of 0.055. 

The pressure was measured by an ionizat ion 

mm Hg. A t  t h i s  pressure t h e  e r r o r  due t o  ionizat ion 

Connector Leakage 

The loss of charge from the Faraday cup by connector leakage w a s  

reduced by using selected components having leakage resis tances  grea te r  

than 1014 R. 

through the  connector when 100 V was applied t o  the  outer housing. 

insulat ion of the Teflon mountings was assumed t o  be 1014 52 or  more, based 

upon the  published values for i ts  volume r e s i s t i v i t y .  

This value w a s  arrived a t  by measuring the leakage currents  

The 

During operation 
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t he  voltage across the connectors was a few mi l l ivo l t s ,  so t h a t  the leakage 

w a s  negl igible  when compared with measured currents  of A. 

V. Electronics for Current Measurements - 
The charge col lected by the Faraday cup was  measured with a 

vibrating-reed electrometer,16 of the type described by Fa i rs te in .  l7 

bas ic  c i r c u i t  of  the  instrument i s  shown i n  Fig. 6. 
electrometer w a s  preferred over vacuum tube types because of i t s  inherent 

capabi l i ty  of  measuring low-magnitude currents. In  a vacuum tube elec-  

trometer the s ignal  and input tube var ia t ions are both amplified, thus the 

minircum input s igna l  i s  l imited by the gr id  current  leakage of the elec-  

trometer tube. The vibrating-reed electrometer, on the  other  hand, i s  a 

null-seeking instrument i n  which the voltage drop due t o  the  flow of 

current  across the  high resis tance R 

feedback voltage Er. 

v ibra t ing  capacitor C . The resul t ing a-c s igna l  i s  amplified through a 

preamplifier and the main amplifier.  A f r ac t ion  of the  r e c t i f i e d  signal, 

proportional t o  the error,  i s  fed  back t o  R 

near  zero potent ia l .  I n  addi t ion t o  being able  t o  measure currents smaller 

than the l imi t ing  gr id  leak currents of vacuum-tube models, the vibrat ing-  

reed electrometer has a d r i f t  r a t e  10 times smaller and a s e n s i t i v i t y  near ly  

100 times greater  than vacuum tube electrometers. 

The 

The vibrating-reed 

of Fig. 6 i s  balanced out by the  i 
Any e r r o r  i n  the balance produces a charge on the  

v 

maintaining the  junction P 
i' 

For tine smallest  R. used, 10" R, and approximately 100 pF input 
1 

capacitance, the pulsed nature of  the proton beam produced negl igible  

input voltage f luctuat ions.  

The output s igna l  of the  electrometer was fed t o  an electronic  in t e -  

grator,18 from which a count rate proportional t o  E 

instrument operates on a m i l l i v o l t  signal obtained by tapping the  voltage 

across the  meter of the  electrometer. The input  s igna l  va r i e s  from 0 t o  

25 mV, corresponding t o  the zero t o  fu l l - s ca l e  def lect ion of the meter. 

16. Cary Model 31 Vibrating-Reed Electrometer, Applied Physics Corp., 

17. 

18. 

w a s  obtained. This r 

Monrovia, California.  

E. Fa i r s te in ,  Nuclear Instruments -- and Their Uses ,  Vol. I (ed. by A. H. 
Sne l l )  , Wiley, New York, 1962. 
Royson "Lectrocount, 'I Royson Ehgineering Co., Hatboro, Pennsylvania. 
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The output r a t e  i s  1000 cpm a t  the ful l -scale  value of E 

i n  Fig. 7, var ies  l i n e a r l y  with input. The in tegra tor  i s  s tab le  and has 

high speed of response. 

and, as shown r 

The charge on the Faraday cup i s  obtained from the t o t a l  nwnber of 

i n t eg ra to r  counts, using the  re la t ion  

%w Q = (6 x loe2) D ( t o t a l  counts) , 

where E i s  the  value of the voltage set  by the voltage se l ec to r  switch on 

the  electrometer panel. The e r ro r s  associated with the  measurementof Q 

w i l l  be discussed l a t e r .  

SW 

The current  from the  ionization chamber was measured with an ORNL 
1 -  Q2525-2 current integrator.'" 

i n  Fig. 8, in tegra tes  the input  current and produces a pulse rate output 

proportional t o  the input current. The in t eg ra to r  operates i n  the  follow- 

ing fashion. 

This instrument, a diagram of which i s  shown 

A current  from the ionizat ion chamber charges capaci tor  C 1  so  t h a t  

where 

Q1 = charge, i n  coulombs, 

C1 = capacitance, i n  farads, 

V1 = voltage drop across C1, i n  vol ts .  

The electrometer c i r c u i t  signal (amplified V,) i s  fed t o  the  p a i r  of 

d i f f e r e n t i a l  amplifiers, each having a gain of 250. 

amplif iers  t r i gge r s  a modified Schmitt t r i gge r  c i r c u i t  when the  voltage 

across C 1  reaches a specif ic  value determined by the  t r i gge r  set-point.  

The t r iggered s igna l  i s  fed t o  a cathode follower through a pulse  shaping 

c i r c u i t .  

d r ive r  network. 

The output of these 

F ina l ly  the pulse output i s  fed t o  a sca l e r  through a cable 

19. Designed by F. M. Glass, Instrumentation and Controls Division. 
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The cathode follower generates a pulse of  30 V peak with a duration 

of 78 psec. This pulse i s  impressed upon capaci tor  C2 so t h a t  

where 

&2 = charge, i n  coulombs, 

C2 = capacitance of C2, i n  farads. 

The duration of the pulse i s  su f f i c i en t ly  long t h a t  C2 i s  charged 

t o  30 C2 before diode D1 conducts and C 1  i s  discharged. 

c i r c u i t  i s  t h a t  the pulse duration and amplitude a re  constants of the 

c i r cu i t .  Therefore, ne i ther  a gain change i n  the  d i f f e r e n t i a l  amplif iers  

nor a d r i f t  i n  the  electrometer can a f f e c t  the  character of the cathode 

follower pulse, and the in tegra t ion  r a t e  thus remains constant. The 

constancy o f  the  pulse w i l l  c l ea r  the accumulated charge on C 1  by a f ixed 

amount defined by C2. This i s  advantageous i n  t h a t  the change i n  charge 

across C 1  i s  the only measurement necessary. The capacitance introduced 

by the ionization chambers and cables does not  a f f e c t  dQ1, since only d Q  

determines the  cal ibrat ion.  Since dQ1 = d Q ,  

A feature  of t h i s  

where C2 dV2/Cl i s  the voltage swing on C1. 

t o  permit integrat ion a t  r a t e s  of e i t h e r  0.2 o r  20.0 ncoulombs/output pulse.  

The value of C 2  can be varied 

The upper l i m i t  on the counting r a t e  i s  es tabl ished by the “duty 

cycle” of the instrument, defined by the  78-psec pulse duration and the  

integrat ion rate ,  which i s  determined by the input  current.  

integrat ion r a t e  i s  nominally lo4 pulses/sec. 

by the electrometer leakage and diodes D1 and D2, i s  about 1 count/hr f o r  

the  0.2 x lo-’ coulomb/output pulse value which w a s  used f o r  a l l  measure- 

ment s. 

The maximum 

The lower l imi t ,  determined 
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V I .  Calibrations and D a t a  Collection -- 
Current-measuring instruments were ca l ibra ted  against  three standard 

sources. Two were supplied by Dr.  A. M. Koehler of the  Hanrard staff. 

Source No. 1 consisted of a 125-V mercury c e l l  i n  s e r i e s  with a 

r e s i s t o r  

a 1.25-V ba t t e ry  i n  se r i e s  with a 101*-R r e s i s t o r  

1.42 (23%) x 
c e l l  and precis ion resis tance i s  described i n  the appendix. 

consis t ing of a radioactive source mounted i n  f ixed geometry within a 

saturated ionizat ion chamber f i l l e d  with air  at  atmospheric pressure, was 

b u i l t  by R. J. Scroggs2' and the senior author. 

t o  be 2.32 (+3%) - x A by comparison with Source No. 1. No attempt 

w a s  made t o  evaluate the e f f ec t  of barometric pressure on t h i s  value. 

and had an output of 1.34 (+l$) x lo-'' A. Source No. 2 was - 
and had an output of 

A. The ca l ibra t ion  of these sources against  a standard 

Source No. 3, 

I t s  output was determined 

Cal ibrat ion of the  Vibrating-Reed Electrometer -- 
The vibrating-reed electrometer was ca l ibra ted  against  all th ree  

standard sources t o  determine i t s  aonsistency i n  measuring the  charge due 

t o  a known current f o r  each of three values of  R i ,  nominally lo1', loll, 

and lou  52. 

connected t o  the  electrometer input ( see  Fig. 6) and the  apparent charge 

measured with the  integrator .  

known, f o r  a given value of electrometer fu l l - s ca l e  voltage, ESW, the 

charge due t o  the source current i s  determined. 

charge col lected f o r  a fixed time should be a constant and independent of 

t he  value of R i .  

r e s i s t o r  does the  measured current  agree with the t rue  current.  

e r ro r s  i n  the  r e s i s t o r  worths were observed when the currents  from the 

sources were measured using a f ixed value of Ri, w i t h  ESW varied. The 

measurements of current  made using the loll- and 1012-iJ r e s i s t o r s  must 

therefore  be corrected by the  factors  shown i n  Table 1. 

The r e s u l t s  a re  shown in  Table 1. The standard source was 

Since the  current  from the  source was 

For any value of Ri the  

From Table 1 it i s  seen t h a t  only with the 101O-R 
The same 

20. Instrumentation and Controls Division. 
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Calibrat ion of the  Low Range D-C Integrator  ----- 
So t h a t  both current-measuring instruments would be cal ibrated 

aga ins t  the iden t i ca l  current  standard, the  low-range d-c in tegra tor  w a s  

ca l ibra ted  using Source No. 1 as the input current source. 

r a t e  w a s  adjusted t o  give 0.200 x lo-’ coulomb/count. 

The in tegra t ion  

This method was adopted when it was observed t h a t  ca l ibra t ion  against  

the  i n t e r n a l  source gave integrat ion r a t e s  4 t o  9% higher than those ob- 

tained with Source No. 1. !The in te rna l  current  source consisted of 100 V 

i n  s e r i e s  with f ive  200 (+1%) Meg res i s tors .  

a precis ion voltmeter and found accurate t o  +O.25%. 
between the in tegra t ion  r a t e  obtained by using the  i n t e r n a l  source and 

t h a t  obtained with SourcB No. 1 were a t t r i bu ted  t o  the r e s i s t o r  s t r i n g  

The voltage w a s  checked with 

The differences 
- 

- 

of tiie Liiteiciiai upply.  

A f t e r  ca l ibra t ing  the  integrator  against  the known source, the cor- 

responding ca l ibra t ion  against  the in te rna l  source w a s  obtained t o  use as a 

check f o r  d r i f t .  Subsequent checks with both the  i n t e r n a l  source and with 

ex terna l  sources showed the  instrument was s tab le  over the  duration of the  

ca l ib ra t ion  experiments. Over extended periods ( 7  days) the ca l ibra t ion  

d r i f t  was  l e s s  than 2%. Typical cal ibrat ion data a re  shown i n  Table 2. 

Data Collection - 
The general arrangement a t  the Harvard University Synchrocyclotron 

for energy spectrum measurements has been described elsewhere.21 A block 

diagram of the arrangement f o r  the  cal ibrat ion of the  ionizat ion chambers 

versus the Faraday c q  i s  shown i n  Fig. 9. I n  t h i s  configuration the  

following measurements were made. 

Ion Pairs/Proton VS. Beam Intensity.  The number of ion p a i r s  - -  - 
produced i n  the  helium-filled chambers per  proton was obtained from the  

r a t i o  of the charge i n  tine ionization chamber t o  t h a t  col lected by the  

Faraday cup. The charge i n  the  ionization chamber i s  

21. R. T. Santoro e t  al., Neutron Phys. Div. Ann. Progr. Rept., Sept . l ,  --- 
1962, o m - 3 3 6 K  p272.  
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Table 2. Results of Calibration of the Low Range D-C Integrator 
Against Standard Current Source No. 1” 

~ 

Integrator Integrator Count T i m e  Integration Rate 
No. Counts ( coulombs /count) 

2 
2 
2 
2 
1 
1 
1 
1 
2 
2 

100 
100 
100 
100 
20 
20 
20 
20 
20 
20 

Run No. 1 

155.1 
155 2 
155.1 
155 4 
31.7 
31.7 
31.7 
31.7 
31.1 
31.0 

Run No. 2 

(X iom9) 

0.212 
0.207 
0.212 
0.208 
0.218 
0.218 
0.218 
0.218 
0.213 
0.213 

1 5 00 1.123 0.200 
1 500 1. 122 0.200 
1 5 00 1.122 0.200 
2 5 00 0.85 0.200 
2 500 0.85 0.200 
2 500 0.85 0.200 

Run No. 3 

10 
10 
10 
10 
10 
10 
10 
10 

497 
49 7 
497 
497 
497 
497 

12.17 
15 17 
15 1 17 
15 17 
15.21 
15.21 
15.21 
15.21 

Run No. 4 
10 
10 
10 
10 
10 
10 

0.200 
0.200 
0.200 
0.200 
0.200 
0.200 
0.200 
0.200 

0.200 
0.200 
0.200 
0.200 
0.200 
0.200 

a. Source No. 1 = 1.34(+1%) - x 10-l’ A. 

b. For Run No. 1 the instrument was calibrated against i t s  
internal  source t o  give 0.2 x lo-’ coulomb/count. The inte-  
gration rate  tabulated i s  that  obtained with Source No. 1 as 
the input current. For the other three runs the instrument 
w a s  adjusted t o  give 0.2 x lo-’ coulomb/count from Source 
No. 1. The run numbers re fer  t o  the energy-spectral runs 
referred t o  i n  the text .  
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and the charge i n  the  Faraday cup i s  

&Fc = 1.602 x 1O- l ’  ( P t )  , 

where 

P = beam intensi ty ,  i n  protons/sec, 

t = duration of measurement, i n  sec. 

For a common time, t, the number of protons passing through the ionization 

chamber i s  obviously equal t o  the number entering the  cup. Then 

= ion pairs/proton = P. (13) 

From t h i s  ra t io ,  the  quantity IP w a s  experimentally determined for several  

beam in t ens i t i e s .  

Proton Beam Intensi ty .  The beam in tens i ty ,  IP, having been determined, 

i s  calculated by rearranging the  terms of Eq. 12: 

6.242 x 10l8 &rc 
IPT P =  . 

Number of Protons per  Integrator  Count. The co l lec t ion  of data - - 
i n  the  energy-spectral experiments was controlled by the number of i n t e -  

gra tor  counts necessary f o r  obtaining acceptable secondary-particle spec- 

tra s t a t i s t i c s .  The number of protons per  in tegra tor  count i s  obtained 

from Eq. 12: 

1.248 x lo9 
JF , - - P t  

counts 

since 

= counts-0.2 x lo-’ coulomb/count. &IC 
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Preliminary data were taken a t  several  beam i n t e n s i t i e s  t o  determine 

The Royson the  number of in tegra tor  counts recorded as a function of time. 

Lectrocount could be adjusted t o  give nominally 500 counts/min or more by 

s e t t i n g  ESW t o  produce mid-scale deflection of the  meter. 

d-c in t eg ra to r  count rate, however, depended on the  magnitude of the  input 

current  from the  ionizat ion chamber. A t  beam currents  of about 8 x A 

the  in t eg ra to r  recorded 1 count/45 sec. - 5 x 104 protons/sec, which i s  within the range of the  measurements 

desired.  A t  beam currents  of 

The low-range 

This r a t e  corresponds t o  

A, the  in tegra tor  recorded 16 counts/sec. 

The ca l ibra t ion  data were obtained f o r  a f ixed number of in tegra tor  

counts, controlled by the prese t  scaler. The gat ing c i r c u i t  shown i n  Fig. 9 
opened a f t e r  recording one count from the  in tegra tor  and remained open f o r  

t h e  ni.m.her nf c.mints preset in the  scaler. 

charge or ig ina l ly  i n  the ionizat ion chamber, the  data were obtained for an 
i n t e g r a l  number of in tegra tor  counts. 

Regardless of t he  f r ac t ion  of 

The in tegra tor  counts from the second ionizat ion chamber were 

recorded by a gated scaler.  The data could contain an e r r o r  of +1 count 

depending upon the f r ac t ion  of charge i n  the chamber when the  gate opened. 

To account f o r  t h i s  f ract ion, the deflection of the  panel meter, which 

goes from zero t o  f u l l  scale  f o r  each count, was noted a t  the  opening and 

closing of the gate. The number of counts recorded plus  the  f r ac t ion  of  

def lect ion a t  the start  and a t  the  end of each run gave the  t rue  value of 

counts, or the  t rue  charge. A t  high counting r a t e s  the  f rac t ions  of charge 

were t r ea t ed  as a small e r r o r  contribution. 

- 

The counting e r r o r  i n  the data from the  vibrating-reed electrometer 

was negligible,  since for a l l  measurements E was set  f o r  a count rate 

grea te r  than 500 counts/min. 

i n i t i a l l y  i n  the Faraday cup w a s  therefore l e s s  than 0.2%. 

s igni f icant  e r ro r  i n  the measurement of the charge col lected by the cup was  

the  3% contributed by the  uncertainty i n  the ca l ib ra t ion  of the  electrometer 

res is tances .  

sw 
The error  due t o  the  f r ac t ion  of charge 

The only 

The e r r o r  i n  the measurement o f  the  charge col lected by the  ioniza- 

t ion  chamber consisted of the  1% uncertainty i n  the  ca l ibra t ion  of the 
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low-range in tegra tor  and the - +1 count uncertainty In  the  in t eg ra to r  counts, 

which was s igni f icant  only a t  low count rates. 

V I I .  Results of Cal ibrat ion - Runs - 
The results of four  ca l ibra t ions  of the  ion iza t ion  chambers against  

t he  Faraday cup are shown i n  Figs. 10-12 and 15. 
made j u s t  p r i o r  t o  a pa r t i cu la r  set  of energy-spectral measurements 

i s  conveniently iden t i f i ed  by associat ion with t h a t  se t .  

Each ca l ib ra t ion  was 

and 

Run NO. 1 -- - 
The data of Run No. 1 were used f o r  a se r i e s  of experiments t e s t i n g  

the f e a s i b i l i t y  of Bonner spheres and threshold detectors  f o r  neutron 

spectroscopy a t  energies from 

metric experiments of Maienschein and Blosser.23 

Fig. 10. 

tons/sec. 

ionization chambers of 5.7%. 
construction of the two chambers. 

geometry r e l a t ive  t o  the  ionizat ion chambers a l so  showed t h a t  the  r a t i o  of 

t o  1s MeV (Ref. 22) and f o r  the  dosi-  

These data  a re  p lo t t ed  i n  

The beam in t ens i ty  during t h i s  run ranged from lo7 t o  10” pro- 

The results show a difference between the  responses of the  two 

This difference stems from var ia t ions  i n  the 

Tests  made with a SrS0 source i n  f ixed 

/I wits 1.06. 
I I C - 1  IC-2’ chamber currents, 

The information from Run No. 2 w a s  used i n  connection with the mea-  

surements of the gamma-ray spectra  from proton-bombarded nuclei, reported 

by Zobel -- e t  ala2* I n  t h i s  ca l ib ra t ion  the  response of t he  ionizat ion 

chambers was measured over a range of beam i n t e n s i t i e s  from nominally 

2 x lo6 t o  2 x lo9 protons/sec. 

agreement with the data of Run No. 1 i s  very good and, considering t h a t  

The data are  p lo t t ed  i n  Fig. 11. The 

22. W. R. Burrus, Neutron Phys. Div. Ann. Progr. Rept., L, 1962, --- 
Om-3360, p 2 v  

23. F. C. Maienschein and T. V. B losse r ,  - The Depth-Dose Distr ibut ion 
Produced i n  a Spherical, Water-Filled Phantom b the Interact ions 
- -  of a 160-MeV Proton Beam, Om-3457  (June, 1963 e 4 - -  
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Fig. 10. Ionizat ion Chamber Calibration Curves: Run No. 1. 
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the runs were separated by several  weeks, ind ica tes  t h a t  t he  measurement 

techniques were r e l i a b l e  and t h a t  leakage of gas from the  chambers was 

negligible . 
Run NO. 3 - - -  

The ca l ibra t ions  of Run No. 3 were made f o r  the measurements of neu- 

t ron and proton spectra  with proton r e c o i l  telescopes reported by Wachter 

e t  The ionizat ion chamber response w a s  measured over a range of 

5 x 105 t o  5 x lo8 protons/sec. 
-- 

The r e su l t s  of the  ca l ibra t ion  are shown i n  Fig. 12. In  cont ras t  t o  

the resu l t s  of Runs 1 and 2 shown i n  Figs. 10 and 11, the  response curve 

f o r  Run 3 i s  not f la t ,  but  slopes downward a t  a r a t e  of 2.g%/decade, or 2.5 

ip/proton per  decade of beam in tens i ty .  

Analysis of the data of Fig. 12 suggests t h a t  the slope r e su l t s  from 
systematic e r ro r s  i n  the  instrumentation. 

f o r  each chamber i s  the same, and, as Fig. 13 shows, the  r a t i o  of the  

charge collected i n  ionizat ion chamber No. 1 t o  t h a t  col lected i n  ioniza- 

t i o n  chamber NO. 2 i s  constant ( - 1.10) over the  range of beam i n t e n s i t i e s  

f o r  which the  ca l ibra t ion  was made. This r a t i o  i s  i n  agreement with the 

r a t i o  of the measured values of Fig. 12. 

The slope of the  response curve 

Figure 14  shows the  r a t i o  of the counts obtained from t he  vibrat ing-  

reed electrometer in tegra tor  ( the  Royson Lectrocount) t o  those obtained 

from the  low-range d-c in tegra tor  with each connected t o  an ionizat ion 

chamber. 

voltage, ESW. 

ably w e l l  t o  the slope of the  ca l ibra t ion  curve of Fig. 12. This suggests 

that the  non-flat character  of t he  ca l ibra t ion  curve i s  due t o  nonlineari-  

t i es  i n  the voltage scales. 

The r a t i o  i s  p lo t ted  as a function of electrometer fu l l - s ca l e  

The slope of the  curve i s  2.3$, which corresponds reason- 

Measurements of the ionizat ion chamber responses taken during a 

period preceding ca l ibra t ion  Run 3 gave a value of 84.3 2 1.7 ip/proton 

f o r  17 observations with chamber No. 1, and a value of 77.1 2 3.8 ip/proton 

25. J. W. Wachter e t  &., Neutron Phys. Div. Ann. Progr. Rept., A x .  1;, 
1963, ORNL-34997Vol. I-. 

-- 
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f o r  16 observations with chamberNo. 2. The range of beam i n t e n s i t i e s  was 

from 105 t o  lo8 protons/sec. 

respectively,  than the  values obtained for  

f i r s t  two ca l ibra t ion  runs. 

These values a re  7.5% and 4.0% higher, 

chambers 1 and 2 during the  

System f a i l u r e  occurred j u s t  previous t o  Run  No. 4. Invest igat ion 

showed a defective electron tube i n  the Royson Lectrocount. 

t h e  influence of the  f a i lu re  suggests t h a t  the output s igna l  of the 

vibrating-reed electrometer may have been affected by feedback of a d-c 

voltage from t h e  Lectrocount t o  the electrometer. Although t h i s  explana- 

t i on  seems plausible,  It was not proved. However, replacing the  tube f o r  

Run No. 4 eliminated the nonlinearit ies.  

Examination of 

The ca l ibra t ion  data  f o r  Run No. 3, Fig. 12, were corrected by 2.5% 

per  decade ol" 'ueai i  iiiteiisltj;, t a k h g  the -v~~l.;e cf respcEse Eeallrerl ~ t . h  

as the t rue  value. *SW 

Run No. 4 -- - 
Calibration R u n  No. 4 was made i n  support of the  fl ight-t ime 

spec t r a l  measurements of secondary neutrons and protons from react ions of 

160-MeV protons with various nuclei, reported by Pee l le  -- e t  a1.26 The 

ca l ib ra t ion  data, obtained over a range of beam i n t e n s i t i e s  from 4 x lo4 

t o  3 x lo9 protons/sec, a re  p lo t ted  i n  Fig. 15. 

Summary of Calibrations - 
The data of the four ca l ibra t ion  runs a re  swnmarized i n  Table 3. 

Comparison of the  r e su l t s  of R u n  No. 4 with those of R u n  No.  1 shows t h a t  

the  value f o r  ip/proton increased by 6.7% f o r  ionizat ion chamber No. 1 and 

by 5.5% f o r  ionizat ion chamber no. 2 over the four-month period separating 

t h e  f i r s t  and l as t  runs. This change i n  response with time w a s  ve r i f i ed  

by comparison of measurements with a SrS0 source made j u s t  previous t o  

Runs 1 and 4, which showed the same increase.  

t o  contamination of  the  helium i n  the chambers increasing as a function 

The change w a s  probably due 

26. R. W. Pee l le  et al., Neutron Phys. - - Div. - Ann. Progr. -*, Rept 4%. 1, 
1963, ORNL-3499 Fol.II),p 73. 
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of  t i m e .  The admixture 

of as l i t t l e  as  2$ air  will reduce t h i s  value t o  about 29 ev/ion pa i r ,  the  

value used i n  the  calculat ion of the  ionizat ion chamber response (Eq. 2 ) ,  

which assumed helium of 98% puri ty .  

The value of W f o r  pure helium i s  42 ev/ion pair .  

V I I I .  Ionization Chamber Cal ibrat ion bx Direct 
Proton Counting Techniques 

Introduction 

Since perfect  performance of a Faraday cup i s  not assured per  se - -9 

and since f a s t  counting equipment was avai lable ,  an independent ca l ibra t ion  

o f  the ionization chambers w a s  performed by d i r e c t l y  counting the protons 

responsible f o r  the col lect ion of a measured charge i n  e i t h e r  ionizat ion 

chamber . 
Preliminary comparisons of t h i s  type were obtained during feasib-  

i l i t y  t r i a l s  a t  Harvard i n  1962, bu t  t he  r e su l t s  were not reproducible 

because of incomplete fas t  scal ing equipment. 

In  order t o  count the protons i n  a beam, it i s  e s sen t i a l  t h a t  the  

proton current be reduced t o  a l eve l  a t  which counting losses  a re  not  

beyond correction. 

bursts having the  rf acceleration frequency and a width of a few nsec, 

generally l e s s  than one counting resolution. Therefore only one pulse 

can be counted per  rf period. If the  counting equipment can respond once 

p e r  rf period (42 nsec a t  Harvard), t he  only "lossest '  arise because the 

sca l e r  i s  unable t o  detect  whether only one proton i s  present i n  a micro- 

s t ruc ture  burs t  o r  more than one. If m i s  the mean number of protons p e r  

bu r s t  i n  a steady beam, and i t s  value i s  small, the  f r ac t ion  of protons which 

occur i n  such multiple-proton bu r s t s  i s  about m/2. 

between 0.05 and 0.1 (0.08, typ ica l ly) ,  and a correct ion was applied f o r  the 

Synchrocyclotron beams a re  divided i n t o  microstructure 

I n  our case m w a s  kept 

4% loss. Since the  quadratic macroburst duty f ac to r  a t  the Harvard Synchro- 

cyclotron during our experiment w a s  about 0.025, proton count r a t e s  were 

l imited by counting problems t o  the  region below 5 x lo4 protons/sec. 

During the run using the f l ight- t ime spectrometer, readings of 

charge collected by e i t h e r  ion chamber were recorded f o r  each experimental 
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m, along with sums of sca le r  counts obtained from three c i r c u i t s  as- 

sociated ;;ith a p a i r  of t h i n  s c i n t i l l a t o r s  placed i n  the proton beam. 

range of beam currents represented by the data i s  very s m a l l ,  and the l e v e l  

of a t t en t ion  paid the  ion chamber and electrometer during the  data runs 

w a s  minimal, bu t  a body of data  resulted i n  which the count of protons i n  

t h e  beam can be given high cred ib i l i ty .  

The 

Apparatus 

Figure 16 shows the geometry o f  the  important p a r t s  of the equipment. 

The helium-fil led ionizat ion chambers were attached t o  the end of the beam 

tube some 46 em i n  a i r  from the  pair of  s c i n t i l l a t o r s .  

The s c i n t i l l a t i o n  detector  consisted of t w o  p a r a l l e l  1-mm-thick 

p l a s t i c  s c i n t i l l a t o r s ,  each effect ively about 1.5 in.  i n  diameter, mounted 

about 18 ern apar t  and with the beam s t r ik ing  the  center of each detector  

within a f rac t ion  of a centimeter. Each s c i n t i l l a t o r  w a s  covered with about 

0 .001in.  of aluminum on each surface. The 1-nun-thick counters absorbed 

about 0.5 MeV from each penetrating proton. 

spectrum (charge pulses) obtained a t  a low count rate,  using a coincidence 

t r igge r  arrangement t o  avoid detection of noise pulses. 

Figure 17 shows a pulse-height 

Each s c i n t i l l a t o r  w a s  attached t o  a P h i l l i p s  56 AVP mul t ip l ie r  photo- 

I n  each case the s igna l  from the 14th dynode was fed i n t o  a long tube. 

125-Sl coaxial  cable r e s i s t i v e l y  terminated a t  the input end and approximate- 

l y  terminated by a d i f f e ren t i a t ing  pulse transformer a t  the  output end. 

timing s igna l  was obtained from each pulse by means of a B e r g ~ a n - t y p e ~ ~  tun- 

n e l  diode univibrator, and these two timing s ignals  were mixed i n  a similar 

m i v i b r a t o r  which acted as a coincidence c i r c u i t  with a resolving time of 

about 4 nsec, adequate t o  cover the  apparent timing j i t t e r .  

events were counted with high efficiency, while noise from detect ion of 

miscellaneous rad ioac t iv i ty  could produce a count only with grea t  d i f f i -  

A 

Thus coincident 

culty.28 

27. 
28. 

R. H. Bergman, M. Coopeman, and H. Ur, RCA Rev. 23, 152 (1962). 

The coincidence c i r c u i t  and other e lec t ronic  components were designed 
by N. W. Hill and R. J. Scroggs of the ORNL Instrumentation and 
Controls Division. 

-- 
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The output from t h i s  coincidence c i r c u i t  could be scaled e i t h e r  by 

a modified 10-Mc Computer Measurements Corporation sca l e r  with a dr iver  

having a 30-nsec pulse-pair  resolution, or by a p a i r  of  100-Mc Eldorado 

model 1040 f a s t  prescalers.  When tes ted,  the  dr iver  f o r  the  prescalers,  f e d  

by the coincidence c i r cu i t ,  performed well with pulse t r a i n s  of four  

pulses spaced 10 nsec apart .  

leading t o  the  uncertaint ies  discussed below. 

e i t h e r  scaler  system one could expect t o  count two protons i f  they occurred 

i n  successive proton microstructure bursts,  while with the  fast presca le r  

system one could expect occasional detect ion of two protons within the  

same microburst. Oscilloscope observations, however, did not  ind ica te  any 

detections o f  the l a t t e r  type. 

These prescalers  were somewhat temperamental, 

The main point  i s  t h a t  with 

The pulses from the coincidence counters were handled by addi t iona l  

log ic  c i r cu i t s  t o  be described i n  a l a t e r  report  on the  f l i g h t - t i m e  spec- 

troscopy. I n  addi t ion t o  the  coincidence counts, two o ther  counts were 

obtained from each run. One of these was the  number of proton-containing 

microbursts which were both preceded and followed by two microbursts t h a t  

did no t  contain protons. 

an en t i r e ly  separate coincidence c i r c u i t  designed t o  de tec t  most of the  

microbursts i n  which more than one proton passed through the s c i n t i l l a t o r s .  

The second consisted of the  counts reg is te red  i n  

A comparison of e i t h e r  of these counts with t h a t  from the  fast 

scaler  gives enough information t o  estimate the  synchrocyclotron quadratic 

duty fac tor  and thence the ac tua l  number of protons penetrat ing the two 

counters. 

Analysis of  the Counting - Data -- 
The v a l i d i t y  of the comparison proposed depends on the  premise t h a t  

each proton which produces charge i n  the ionizat ion chamber a l so  passes 

through the s c i n t i l l a t o r s  and produces a count from the  fast coincidence 

c i r c u i t ,  unless another proton i n  the  same microburst has already produced 

such a count. 

assumption and are d e a l t  with i n  t h i s  section. A s  an i n i t i a l  d i f f i cu l ty ,  

Four types of d i f f i c u l t i e s  challenge the  v a l i d i t y  of t h i s  
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the fast coincidence c i r c u i t  may have less than u n i t  eff ic iency because 

of time j i t t e r  between i t s  input signals too la rge  f o r  the resolving t i m e  

employed. 

To study t h i s  question one examines data showing the  r e l a t i v e  count 

rate i n  the  AA' coincidence c i r c u i t  as a function of s igna l  delays in t ro -  

duced i n t o  one of the  cables connecting the  c i r c u i t  t o  a detector.  

Figure 18 shows typ ica l  data. 

values of the coincidence eff ic iency by assuming an underlying normally 

distributed timing j i t t e r  t o  be responsible f o r  the  non-perpendicular 

slopes on the s ides  of the  delay curve. It i s  believed t h a t  t h i s  method 

i s  only weakly dependent on the exact form of the j i t t e r  d i s t r ibu t ion .  

Analysis of the 10 checks obtained during the  course of the  experiment 

ind ica tes  coincidence e f f ic ienc ies  between 99.8% and 99.1%. 
ef f ic iency  of 99.5 (+0.5$) - w a s  assumed f o r  the analysis  of the  ionizat ion 

chamber ca l ibra t ion  data. 

Such curves can be analyzed t o  estimate 

A coincidence 

A second d i f f i c u l t y  stems from uncertaint ies  i n  the  determination 

of the  b e s t  value of Q, the  number of protons passing through the  detector  

system during a run, based on sca le r  readings. 

noted e a r l i e r  were analyzed t o  give the quadratic dut,y factor ,  f ,  consis tent  

with observed counts. The analysis  was performed2' by solving the  non- 

l i n e a r  equations which r e s u l t  when the expected count of each sca l e r  i s  

expressed i n  terms of Q and of the  macroburst s t ruc ture  of t he  beam. A 

Newton i t e r a t i v e  method f o r  two or six equations w a s  employed. Since 

there  were as many parameters as  input data, "sense" could be made of the 

solutions obtained only i n  terms of the reasonableness of the parameters 

and the  constancy thereof. Three or four  models were used t o  r e l a t e  the  

sca l e r  readings t o  the mhowns and, since the  r e su l t i ng  values of Q are 

not model-dependent by more than O*$,  the  uncertainty produced by duty 

cycle e f f e c t s  i n  the estimate of t o t a l  protons i n  a run was estimated t o  

be 0.3%. However, the f u l l  uncertainty i n  the  value of Q i s  p r inc ipa l ly  

dependent on the  accuracy of the f a s t  s ca l e r  readings discussed below. 

The auxi l ia ry  sca l e r  data 

29. The analysis  and many other calculations were performed by R. L. 
Cowperthwaite. 
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A t h i r d  d i f f i c u l t y  comes i n  the f a c t  that ,  especial ly  i n  the  fast 

sca le r  systems, grossly incorrect  resul ts  may be recorded because of failure 

of the  sca le r  or i t s  driver.  For t h i s  reason only those s e t s  of counting 

data  were accepted f o r  which a t  l e a s t  two (of possible three) fast sca l e r  

readings differed by l e s s  than 2%. 

time-to-amplitude converter w a s  a l s o  required t o  agree with the sca l e r  

data t o  within 4%. The dead t i m e  i n  t h i s  e n t i r e l y  separate system was 

imprecisely known, and the apparent discrepancies i n  t h i s  count ranged 

from 1.5 t o  3.5%. 
estimated t o  be 1.5% based on these select ion c r i t e r i a .  

times the  s t a t i s t i c a l  uncertainty. 

The number of "Stop" s ignals  i n  the  

The standard e r r o r  i n  the  fast  sca l e r  reading i s  

This i s  many 

A las t  problem ex i s t s  because e f f e c t s  of sca t te r ing  and poor beam 

foc.ii.s allow some protons t o  deposit  charge i n  the  ionizat ion chamber 

without passing through the  s c i n t i l l a t o r  system. 

Measurements of the space dependence of the  beam i n  the  region of 

t he  s c i n t i l l a t o r  indicate  a beam pro f i l e  suggestive of multiple scatter- 

ing. 

( v e r t i c a l  and horizontal)  of < 0.145 in.  

centered, l e s s  than 0.001% of the unscattered protons m i s s  the 1.5-in.- 

d i m  s c i n t i l l a t o r s .  

centimeter f o r  t h i s  "miss" er ror  t o  reach the 1% level ,  and photographs 

ind ica te  a maximum pos i t ion  uncertainty of no more than 0.5 cm. 

The protons a re  normally dis t r ibuted with a standard deviation 

This implies t h a t  i f  t he  beam i s  

The beam would need t o  be displaced by near ly  a 

The mater ia l  i n  the  ionization chambers, the air  between the  chambers 

and the  s c i n t i l l a t o r s ,  and the  f i r s t  s c i n t i l l a t o r  amounts t o  about 

0.25 g/c$, so  t h a t  nuclear reactions and shadow sca t te r ing  deplete the  

beam about 0.4%. 
t i o n  chambers a t  an angle la rge  enough t o  cause protons t o  miss the  

s c i n t i l l a t o r s  i s  estimated a t  only 0.1%. 

Coulomb sca t te r ing  i n  the  aluminum f o i l  of the ioniza-  

The Observed Number of Ion Pa i rs  per Proton - ---- 
Based on the  counting and cal ibrat ion uncer ta in t ies  discussed 

above, the  observed charge per  proton should be reduced by about O.5$ t o  

compensate f o r  coincidence c i r c u i t  inefficiency, and by an addi t iona l  0.55 
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t o  account f o r  sca t te r ing  losses  i n  the  intervening material .  However, 

most of t h i s  material w a s  a l so  present during ca l ib ra t ion  observations 

using the Faraday cup, so f o r  comparative data the  observed r a t i o  should 

be reduced by only 0.7%. 
each measurement should be good t o  an uncertainty of about 2%, the  g rea t e s t  

contributor being counting e r ro r s  i n  the  fast scalers .  

among the experimental r e s u l t s  would be expected. 

According t o  the  above analysis,  the  r e s u l t s  f o r  

No large s c a t t e r  

The observed resu l t s ,  which d i d  not  behave as expected, a r e  sum- 

marized i n  Table 4. 

The values i n  Table 4 r e f l e c t  severa l  assumptions which require  

discussion. The standard deviation of the  r a w  observations i s  a f e w  times 

grea te r  than what might have been ant ic ipated f rom known causes, and p l o t s  

of the  time sequence of  readings suggest that high o r  low values occur i n  

bunches. The use of the average reading symbolizes that  the systematic 

e r rors  which caused these discrepancies a re  unknown i n  sign, since when- 

ever checked the equipment showed proper ca l ibra t ion .  

i n  the  observed value w a s  chosen smaller than the  standard deviation of the 

observations but much l a rge r  than the  usual  standard e r ro r  of the mean of 

values drawn randomly from a normally d is t r ibu ted  sample. The un-  

ce r t a in t i e s  analyzed i n  previous paragraphs were lumped t o  an estimated 

1.5 (ip/proton) , but t h i s  increment (of  doubtful magnitude) does not 

s ign i f icant ly  influence the f i n a l  e r r o r  estimates. 

The uncertainty 

The uncertainty i n  the  f i n a l  r e s u l t  i s  much la rger  than should have 

been observed i n  an experiment of  t h i s  type. The inexplicably large range 

of individual experimental values of (ip/proton ) tends t o  make the  quoted 

results seem unreliable.  It i s  f e l t  t h a t  the  quoted uncertainty estimates 

appropriately cover the un re l i ab i l i t y  experienced. 

Discussion and Results - 
The r e su l t s  of f i v e  separa teca l ibra t ions  of the  ionizat ion chambers 

are compared i n  Table 5. 
the  d i rec t  proton counting technique a re  higher by 1.5 and 1 standard 

e r r o r s  than the values obtained with the  Faraday cup method f o r  the 

corresponding run, No. 4. 

The values of ion pa i r s  per  proton obtained by 

Percentagewise, the differences a re  4.2 and 3.3%, 
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Table 4. Results of Ionization Chamber Calibration by 
Direct Counting of Protons Responsible f o r  

the Measured Charge 

Results (ip/proton) 

Ionization Chamber Ionizat ion Chamber 
No. 1 No. 2 

Average Raw Value 

Std. Dev. of Observations 

Std. Error of Mean ( i f  readings 

Est imated Std. Error (considering 

randomly d is t r ibu ted)  

bunching of readings) 

Correction f o r  Scat ter ing a n d  
Coincidence Efficiency 

Uncertainty Increment f o r  
Other Effectsb 

98.5 
5.8 

0.9 

2. 

-0.6 

1.5 

Fina l  Result  87.5 5 2.5 

82.0 

7.1 

1.3 

3. 

-0.6 

1.5 

81.4 - + 3.5 

a. A t o t a l  of 46 observations were made f o r  Ionizat ion Chamber No. 1; a 
t o t a l  of 29 f o r  Chamber No. 2. 

These are  the e f f e c t s  described in  the  t e x t  -under "Analysis of the  
Counting Data. " 

b. 
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Table 5. Comparison of Results of A l l  Cal ibrat ion R u n s  

Ion Pa i r s  per  Proton 
Ratio, 

Run No. Chamber No. 1 Chamber No. 2 m/p2 

1 78.9 - + 0.3 74.6 - + 1.1 1.058 

2 78.2 - + 0.5 74.0 - + 1.1 1.057 

3 85.3 - + 1.2 76.9 - + 1.4  1.109 

4 84.2 - + 1.3 78.8 - + 1.7 1.069 

4aa 87.5 + - 2.5 81.4 - + 3.5 1.075 

a. Cal ibrat ion by d i r e c t  counting of protons. 
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for chambers 1 and 2, respectively. 
to the authors' knowledge, no similar comparison has been reported. 

Marshall -- et have reported beam measurements, accurate to - +7%, using 
proton counting techniques, while Koehle? has measured the intensity of 

the Harvard Synchrocyclotron beam to within - +9% using a Faraday cup. 
Since the experiments using these calibrations all contain other m- 
certainties at the 5$ level, the agreement between the calibrations by the 
two methods is satisfactory. The similarity of the differences for the 

two chambers suggests that a systematic error is involved. 

This agreement is encouraging since, 

It is interesting to note that the measured response of the ioniza- 

tion chambers is in agreement with the calculated response within the 

errors quoted for each value. Thus, had the beam been monitored using 

"uncalibrated" ionization chambers, the error introduced would have been 

of the same order of magnitude as the other uncertainties in the spectral 

measurements. 
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Appendix. Cal ibrat ion - of Constant Current Sources 

A constant current  source i s  shown schematically i n  Fig.19,. For 

Source No. l t h e  voltage E w a s  125 V, while f o r  Source No. 2 it was 1.25 V. 

Both voltages were supplied by mercury c e l l s  because of t h e i r  s t a b i l i t y  

over t h e i r  cha rac t e r i s t i ca l ly  long l i fe t imes .  The resis tance R had a 

value of 10l2 (+lo$) - il f o r  both sources. 

current i s  given by: 

"it' terminals had a leakage resis tance from the  center  p in  t o  ground of  

1013 or more. 

A t  the terminal marked "i," the  

i = E/ The BNC-type connectors used a t  the "E" and R' 

The current source ca l ibra t ion  c i r c u i t  i s  shown i n  F ig .20 .  A 

precise  current, i2 ,  w a s  supplied by the  Rubicon potentiometer, ca l ibra ted  

against  a standard c e l l  (standardized by NBS), and a precis ion resis tance,  

%. The resis tance consisted of four  25-Meg r e s i s t o r s  having a guaranteed 

tolerance of - +0.1$. 
u n t i l  Ek/% = i2 = il, determined by reading a n u l l  condition on a 

picoaxmeter. 

jus ted  t o  n u l l  the unknown current from the  source being standardized t o  

an accuracy of a few p a r t s  i n  ten  thousand. When the n u l l  condition was 

achieved, t he  r a t i o  E gave the value o f  the source current,  il. This 

can be neglected r e l a t i v e  t o  i s  va l id  provided t h a t  the  meter current,  I,, 

il and provided t h a t  t he  allowable i3 y ie lds  an observable def lect ion on 

the  meter. 

The voltage Ek w a s  adjusted with the potentiometer 

could be ad- Ek' With t h i s  technique the working voltage, 

R 

The r a t i o  %/E w a s  known t o  a t  l e a s t  0.15, and i f  the s e n s i t i v i t y  R 
of t he  meter w a s  such t h a t  the uncertainty i n  i3 w a s  a few pa r t s  i n  

A, then i 2  was  measured t o  within 0.2%. 

By using t h i s  technique, Current Source No. 1 w a s  determined as 

1.34(+0.2$) - x 10-l' A. The l a rge r  e r r o r  (+1%) - quoted i n  the t e x t  allows 

f o r  any s t r ay  ion current  or var ia t ion  i n  c e l l  voltage from i t s  value a t  

ike  t i m e  of  cal ibrat ion.  

The vibrating-reed electrometer, ca l ibra ted  against  Source No. 1, 

w a s  used t o  determine the  value of Current Source No. 2 as 1.42 (+3%) x - 
A, the - +3% tolerance accounting for a l l  possible  e r rors  due t o  leak- 

age, ion currents,  or ba t t e ry  voltage. 
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Page 2 - Footnote 5 
5 .  Designed and b u i l t  by R.  K. Abele, Instnunentation and Controls Division. 

~czs tmc t i en  *tails are  give^ III Th-awinX 11-2540. 

Page 4 - Figure 2 - In  place of Aluminized Myla.r W i n d o w  (2 places) it should 
read 2-mil-thick aluninm f o i l .  

2-mil-thick 2-mil-thick 
al- f o i l  aluminum f o i l  
window window 


